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Severe limb ischemia represents a critical condition, being associated with high morbidity
and mortality rates. Patients with critical limb ischemia (CLI) require urgent initiation of
interventional or surgical treatment, as restoration of the blood flow is the only way to en-
sure limb salvage in these critical cases. At the same time, in acute limb ischemia, a dramatic
form of sudden arterial occlusion of the lower limbs, the integrity of the limb is also seriously
threatened in the absence of urgent revascularization. From patients with CLI, 40% are “no
option CLI”, meaning patients in whom, due to anatomical considerations or to the severity
of the lesions, there is no possibility to perform interventional or surgical treatment or they
have failed. Therapeutic angiogenesis has been proposed to serve as an effective and prom-
ising alternative therapy for patients with severe limb ischemia who do not have any other
option for revascularization. This review aims to present the current status in therapeutic
angiogenesis and the role of different approaches (gene or cell therapy, intra-arterial vs.
intramuscular injections, different sources of cells) in increasing the rates of limb salvage in
patients with severe ischemia of the lower limbs.
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INTRODUCTION

Severe limb ischemia represents a critical condition, be-
ing associated with high morbidity and mortality rates.' *
Critical limb ischemia (CLI) is usually caused by one or
multiple occlusions in the peripheral arteries of the low-
er limbs and results from the progressive evolution of a
chronic peripheral arterial disease to a stage in which the
viability of the affected limb is seriously threatened.>~”

In this case, the condition becomes a vascular emergen-
cy, as prompt initiation of adequate therapeutic mea-
sures restoring the blood flow is the only way to ensure
limb salvage.®'° At the same time, severe ischemia can
represent the clinical manifestation of acute limb isch-
emia, a dramatic form of sudden arterial occlusion of the
lower limbs, in which the integrity of the limb is seri-
ously threatened in the absence of urgent revasculariza-
tion."~*
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Acute limb ischemia, defined as ischemia of the lower
extremities lasting no longer than 14 days, has a reported
1-year mortality rate of over 40% and is 20 times more
common in the lower limbs than in the upper extremi-
ties.”?

Unfortunately, 50% of CLI patients do not present any
symptoms 6 months prior to the onset of CLI, which makes
it difficult to establish an effective preventive strategy.'4*>
The prognosis associated with CLI is extremely severe in
the absence of flow restoration, with a 1-year mortality of
20% and a 1-year amputation rate of 40%.*%'%7 From pa-
tients with CLI, 25% progress each year to limb amputation,
while 40% of patients are “no option CLI” 4 The class of
“no option CLI patients” represents a group of patients in
whom, due to anatomical considerations or to the severity
of the lesions, there is no possibility to perform interven-
tional or surgical treatment or they have failed. Despite the
recent progresses encountered in interventional devices, in
a significant number of cases interventional therapy still
fails to reopen the occluded peripheral arteries.'~%

Therapeutic angiogenesis via cellular transplantation
has been proposed to serve as an effective and promis-
ing alternative therapy for the treatment of patients with
severe limb ischemia who have no other option for revas-
cularization.?—3!

THERAPEUTIC ANGIOGENESIS —
A NEW CONCEPT IN VASCULAR CARE

Therapeutic angiogenesis has been introduced in recent
years as an alternative for limb salvage in patients with
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occluded peripheral arteries, based on the concept that
formation of new vessels is possible via vasculogenesis,
angiogenesis, and arteriogenesis, and these new vessels
would be able to replace the function of the occluded ar-
teries and to ensure an adequate supply of oxygen in se-
verely ischemic tissues.'#32735

Vasculogenesis and angiogenesis are complex pro-
cesses that lead to the formation of new capillaries, being
controlled by numerous soluble growth factors, inhibitors,
cytokines, adhesion molecules, and extracellular matrix
proteins. The main difference between the two processes
relies in the mechanism of formation of capillaries. While
vasculogenesis refers to in situ assembly of precursor cells
into capillaries, angiogenesis represents the formation of
new capillaries from preexisting vessels.30-39

Arteriogenesis is another complex process of vessel
formation, which is fundamentally based on collateral-
ization. Preexisting collateral vessels can enlarge up to 25
times their original size to facilitate increase in blood sup-
ply.*° Arteriogenesis is associated with structural remod-
eling of the vessel and significant increase in the endo-
luminal shear stress, which in turn activates endothelial
cells and triggers the release of factors that recruit mono-
cytes to collaterals 3641745

Two methods have been proposed for achieving thera-
peutic angiogenesis: gene therapy and cell therapy (Figure
1).4647 Each of them has encouraging preclinical results;
however, while cell therapy seems to represent a promis-
ing approach, being associated with a moderate clinical
improvement, gene therapy failed to convincingly demon-
strate a substantial benefit in terms of clinical endpoints.

Therapeutic angiogenesis

Gene therapy

/\

Stem cell therapy

:

Promising results in
experimental models

No clinical benefit

Promising results in
clinical trials

TRAFFIC — Recombinant Fibroblast Growth Factor
RAVE — Vascular Endothelial Growth Factor

TALISMAN 201 — NV1FGF
WALK — recombinant adenovirus vectors
VIROMED - hepatocyte growth factor

FIGURE 1.

TACT - intramuscular

PROVASA - intra-arterial
RESTORE — CLI - intramuscular

Therapeutic angiogenesis — main approaches and clinical trials
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GENE THERAPY FOR ISCHEMIC LIMBS

Gene therapy in CLI is based on in vivo gene transfer and
stimulation of angiogenesis using angiogenic growth fac-
tors such as vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), hepatocyte growth fac-
tor (HGF), hypoxia-inducible factor 1 alpha (HIF-1a),
a.5.0.3%48=51 This approach demonstrated promising re-
sults in experimental models; however, clinical studies
testing their role in limb salvage failed to demonstrate any
clinical benefit.>»> Several clinical studies showed that
the transfer of proteins and genes to the human system is
safe; however, they did not demonstrate any superiority
against alternative strategies for limb salvage.4®

The TRAFFIC study (Therapeutic Angiogenesis with
Recombinant Fibroblast growth Factor-2 for Intermittent
Claudication), showed no statistically significant ben-
efit in the walk distance in double dose vs. single dose vs.
placebo group, after intra-arterial injection of recombi-
nant-FGF2.%* RAVE (Regional Angiogenesis with Vascular
Endothelial Growth Factor) was a phase 2, double-blind,
placebo-controlled study, which also failed to demon-
strate any benefit of adenoviral VEGF in intramuscu-
lar applications. Both the primary endpoint, consisting
in peak walking distance at 12 weeks, and the secondary
endpoints, represented by ankle-brachial index (ABI),
claudication time, and quality of life (QoL), did not pres-
ent any significant difference between the study groups.>

Similarly, other clinical trials testing the role of plas-
mid-based fibroblast growth factor 1 in the TALISMAN
201 study,>® recombinant adenovirus vectors in the WALK
study,*” hepatocyte growth factor in the VIROMED study,>®
E2F transcriptor factor in the PREVENT III trial, or HGF
plasmid in the HGF-STAT trial did not prove any benefit
in clinical outcomes in patients with severely ischemic in-
ferior limbs.>9-6°

CELL THERAPY FOR ISCHEMIC LIMBS

After the first description by Asahara, in 1997, of the po-
tential of cells originating from the bone marrow (BM)
to differentiate into endothelial cells, promote vessel
growth, and stimulate vasculogenesis, many attempts
have been made in order to validate these cells as a thera-
peutic agent.%

The concept of cell therapy in limb ischemia is based
on the capacity of the bone marrow-derived progenitor
cells to promote collateral vessel formation and neovas-
cularization of ischemic tissue.®? Preclinical studies dem-
onstrated the validity of this concept and, contrary to the
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discouraging results obtained with gene therapy in CLI in
clinical settings, the strategy of using stem cells (SCs) for
the stimulation of new vessel formation showed promis-
ing results in several clinical trials.

The main issues associated to stem cell (SC) therapy
in CLI are related to their altered phenotype in patients
with atherosclerotic disease and their different mobiliza-
tion and functionalization, while open questions remain,
even after large debates, regarding the source of cells, the
amount of cells to be delivered, and the route of cell de-
livery.©?

MAJOR CONTROVERSIES IN SC THERAPY
FOR CARDIOVASCULAR DISEASES —
SIMILARITIES BETWEEN CARDIAC

AND ARTERIAL APPLICATIONS

STEM CELL SOURCES

One of the most debated issues in relation to SC applica-
tions for cardiovascular applications concerns the origin
of the cells. A large number of different types of SCs have
been used in clinical studies for SC therapy in post-myo-
cardial infarction phase, while those generally used in pa-
tients with limb ischemia were cell lines originating from
BM, from peripheral blood, or with other origins. BM-
derived SCs (BM-SCs) comprise the group of autologous
stem cells, bone marrow mononuclear cells (BM-MNCs),
and endothelial progenitor cells (EPCs); peripheral
blood-derived SCs include peripheral blood mononuclear
cells (PB-MNCs) and circulating progenitor cells (CPCs),
while the groups of cells with other origins include mes-
enchymal cells (MSCs) and adipose tissue-derived stem
cells (ADSCs).** Allogenic cells have also been produced
in high-tech facilities and are available for clinical use;
however, their main disadvantage is represented by the
immune response that could be triggered by the host de-
fense mechanism activated in the recipient in reaction to
the allogenic nature of the cells. BM-SCs demonstrated
significant safety outcomes; however, their use has been
associated with many issues related to cell collection and
mobilization.** MSCs are multipotent cells with a high ca-
pacity of releasing soluble molecules, growth factors, and
extracellular matrix components with significant benefic
paracrine activity.'* However, it has been demonstrated
that their secretory functionality and benefic effects de-
crease with age.

Several studies on BM-SCs demonstrated a clear ben-
efit in clinical outcomes in patients with CLI, expressed by
improvement of symptoms, increase in ABI, increase in
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transcutaneous oxygen pressure (TcPO,) and formation of
new vessels.®377° In diabetic patients, intra-arterial injec-
tions of BM-MNCs improved angiogenesis, generating a
significant increase in the collateral network.”” The same
observation in diabetic patients was recorded by Huang et
al., after intramuscular injection of GSF-mobilized autol-
ogous peripheral blood mononuclear cells.”> At the same
time, an approach using peripheral blood CD34+/CD133+
cells after mobilization with G-CSF showed a significant
increase in ABI and improvement in ulcer healing.”?

Burt et al. demonstrated that injection of CD34+/
CD133+ endothelial progenitor cells was associated with
improvement in amputation-free survival, pain relief,
exercise capacity, and QoL, in parallel with a significant
stimulation of the process of collateral formation.”# Los-
ordo et al., in a randomized, controlled, pilot study of au-
tologous CD34+ cell therapy for CLI, showed that intra-
muscular injections of CDE34+ cells is safe and tend to
reduce amputation rates.””

Stimulation of angiogenesis by BM-MNCs has also
been proved by Dash et al., who recorded a significant
improvement in pain relief, walking distance, and wound
healing in patients undergoing cell therapy.’® In a small
study by Huang et al., peripheral blood-derived SCs dem-
onstrated a higher overall efficacy when compared with
BM-derived SCs, in terms of ABI improvement, pain re-
duction, increase in walking distance, ulcer healing, and
limb salvage.5®

ADSCs, cardiac-derived SCs and human fetal-derived
SCs have also been proposed as effective therapies for
treating severe limb ischemia; however, their role remains
to be established by further clinical studies.”” In a phase I
trial published by Bura et al., autologous ADSCs were ad-
ministered intramuscularly in each leg of patients with
non-revascularizable arterial occlusions, demonstrating
good feasibility and safety when using this source of cells.?®
Another phase I study assessed the role of allogenic MSCs
injected using intra-arterial route and demonstrated sig-
nificant therapeutic benefits of this approach.”® However,
the promising results of these studies should be further
investigated in more advanced phase clinical trials.

So far, none of the SC groups has demonstrated a clear
superiority over other types in patients with severe isch-
emia of the lower limbs.

ROUTE OF CELL DELIVERY

A large number of studies tried to identify the most ef-
fective route for SC injection. In cardiac applications, SCs
have been mostly studied in the period following an acute
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myocardial infarction, in a hope that they will induce for-
mation of new contractile myocytes able to replace the
function of the infarcted ones. In the post-infarction pe-
riod, SCs have been infused at the site of the infarction
using intracoronary as well as intramyocardial injections.
Recent data suggest that intramyocardial delivery of MSCs
is more effective than intracoronary delivery in trigger-
ing the release of angiogenic factors.®° At the same time, a
recent meta-analysis of individual patient data from ran-
domized trials revealed that in patients with recent acute
myocardial infarction, intracoronary cell therapy provided
no significant clinical benefit in terms of clinical events or
changes in left ventricular function.®

Similarly to cardiac studies, two injection routes have
been tested in peripheral applications: intra-arterial and
intramuscular route, respectively.

Intra-arterial route means injection of the SCs in the
occluded artery, into the border of the ischemic region,
usually proximal to the site of occlusion, in order to stim-
ulate the development of collateral channels between the
sites located proximal and distal to the occlusion, at the
same time inducing formation of new vessels distal to the
occlusion. The disadvantage of this method is that the
mobility of cells from the arterial circulation to the in-
flammatory site is poor.

The intramuscular route follows a similar principle
with the one used for the injection of SCs in the myocar-
dial tissue, being represented by the injection of SCs in
several locations in the gastrocnemius muscle following
the anatomic course of the obstructed artery, creating lo-
cal cellular islets with a significant paracrine effect.®2

The main results of the clinical studies in SC therapy
for CLI, using intramuscular and intra-arterial routes,
are presented in Table 1. The main disadvantage of these
studies is the limited sample size, which makes it difficult
to reach statistical significance or to generalize the con-
clusions.

In intramuscular applications, the injection of autolo-
gous BM-MNCs was associated with a 3-year limb salvage
rate of 60% in the TACT trial (Therapeutic Angiogenesis
Using Cell Transplantation), while the BONMOT-1 trial
(Bone Marrow Outcomes Trial 1) demonstrated a 6-month
amputation-free rate of 59%.9%9% Intra-arterial injection
of BM-MNCs led to significant clinical improvement in
the PROVASA trial (Intra-arterial Progenitor Cell Trans-
plantation Bone Marrow Mononuclear Cells for Induction
of Neovascularization in Patients with Peripheral Arterial
Occlusive Disease), the results being largely dependent on
the number of cells administrated and the number of in-
jections.5®
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TABLE 1.
clinical endpoints
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Main clinical studies addressing SC therapy in severely ischemic limbs, using intramuscular and intra-arterial routes, and their

Clinical Study Type of SC

Outcome measure/Clinical endpoint

Intramuscular injection

Bura et al.’®, 2014
Takagi et al.®3, 2014
Amato et al 8, 2012

Adipose-derived SCs
BM mononuclear cells

Maksimov et al.®5, 2011
Tatieshi-Yuyama et al.?¢, 2002
Huang et al.”?, 2005

BM mononuclear cells
BM mononuclear cells

Prochazka et al.’7, 2010 Autologous mononuclear BM SCs

BM-derived circulating endothelial progenitors
Autologous peripheral blood cells

Improved wound healing, feasibility, safety
Clinical benefit, safety

Improvement of quality of life

Safety, effectiveness

Safety, effectiveness

Pain reduction

Limb salvage

Intra-arterial injection

Das et al.’?, 2013 Allogenic mesenchymal SCs
Ruiz-Salmeron et al.”*, 2011
Walter et al.®8, 2011

Cobellis et al.??, 2005

Autologous mononuclear BM SCs
BM mononuclear cells
Autologous mononuclear BM SCs

Safety, effectiveness

Safety, clinical outcomes

Safe, feasible, wound healing

Increase capillary density, pain reduction

Intra-arterial plus intramuscular injection

Franz et al.78, 2009
Van Tongeren et al.90, 2008

Autologous BM-MNCs
Autologous BM SC

No significant improvement in ABI
Safety, limb salvage

Interestingly, in several studies, the clinical endpoints
(ABI and TcPO,) significantly improved only after intra-
muscular injection of SCs, either alone or in combination
with intra-arterial injection, but not after intra-arterial
injection alone.'73:93,94

In a recently published meta-analysis of 19 randomized
controlled trials including 837 patients, 7 non-random-
ized trials including 338 patients, and 41 non-controlled
studies on 1,177 patients receiving intra-arterial or intra-
muscular cell therapy, Rigato et al. showed that cell ther-
apy reduced the risk of amputation by 37% and improved
wound healing by 59%. There was also a significant im-
provement in clinical endpoints such as ABI, transcutane-
ous oxygen tension, and rest pain. In this meta-analysis,
intramuscular implantation appeared more effective than
intra-arterial infusion, and mobilized PB-MNCs seemed
superior to BM-MNCs and MSCs in patients with severe
ischemia of the lower limbs.%

ALTERED RESPONSE TO SC THERAPY

In a study by Idei et al., autologous SCs from patients with
atherosclerotic diseases presented an altered phenotype,
which was associated with worse outcomes compared to
patients with Buerger disease, who demonstrated a pre-
served phenotype.?® This observation shows that patients
with atherosclerotic disease could present an altered re-

sponse to SC therapy, as a result of an impaired SC pheno-
type. Furthermore, other studies showed that BM-MNCs
from patients with atherosclerotic disease present an al-
tered capacity of neovascularization.?7%8

In a pre-clinical study in pigs, absolute myocardial
blood flow decreased significantly immediately after in-
tracoronary injections of MSCs as compared with con-
trols in closed-chest reperfused acute myocardial infarc-
tion (42.0+12.4 mL/min vs. 57.7+15.7 mL/min, p=0.013),
showing an incomplete recovery at 24 h (47.2+5.5 mL/
min vs. 62.1+14.1 mL/min, p=0.038). This study proves
that the delivery of SC into an injured tissue might be in-
fluenced by the altered flow conditions.??

Similarly to the observation noticed in coronary circu-
lation, it would be logical to hypothesize that in patients
with arterial occlusions there is a similar pattern of al-
tered distribution of SCs in ischemic tissues. This is par-
ticularly relevant in CLI, a disease in which multiple se-
vere lesions coexist in the arterial tree, leading to a more
complex alteration of the arterial flow and consecutive
severe ischemia of skeletal muscle fibers. However, there
are very scarce data published so far to prove the role of
various pathophysiological mechanisms related to an al-
tered response to SC therapy in CLI.

An experimental study by Gremmels et al. investigat-
ed whether BM-SCs collected from patients with CLI are
dysfunctional when compared to BM-SCs obtained from
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healthy subjects and showed that both cell populations
have a similar ability to restore altered perfusion in mu-
rine ischemic hind limbs.'*°

THE ATHEROPROTECTIVE EFFECT OF SCs

A serious concern related to SC therapy in cardiovascu-
lar applications has been raised by several authors who
claimed that angiogenic factors could destabilize athero-
sclerotic plaques as a result of their angiogenic effects
on vasa vasorum.*® However, no clinical experience con-
firmed this hypothesis.

Furthermore, in a computed tomography-controlled
study, we proved that intracoronary injection of SCs is
associated with a more effective protective effect on the
vascular endothelium, leading to a significant reduction in
plaque progression on long term. In this study, atheroma-
tous plaque burden, as assessed by computed tomography
angiography performed at 4 years after SC infusion, was
significantly lower in coronary arteries infused with SCs
compared to those untreated (112 + 16 mm3 vs. 189 + 20.9
mm3, p <0.0001), while calcium scoring was 53.1 + 16.4 Vs.
106.43 + 10.86 (p <0.0001).**
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However, little is known in present about the antiath-
erogenic, vasculoprotective effect of intracoronary or in-
tra-arterial delivered SCs, and there are no studies yet to
prove the effect of SCs on reducing atheromatous plaque
vulnerability.

CLINICAL OUTCOMES OF STEM
CELL THERAPY IN CLI

Different clinical endpoints have been used to validate the
role of SCs in patients with severe limb ischemia, the most
relevant ones including ABI, TcPO,, limb salvage, wound
healing, or pain reduction.

In a pilot study on 5 patients, we showed that injection
of SCs using a combined approach (intra-arterial and in-
tramuscular in the gastrocnemius muscles) can be associ-
ated with pain reduction and limb salvage at 2 years. At
the same time, immunohistochemical analysis of samples
of muscular tissue collected from the site of intramuscu-
lar injection at 6 months post injection demonstrated the
presence of FLT1 - Vascular Endothelial Growth Factor
Receptor-1 and of CD34 cells in the capillary endothelium
of the newly formed vessels, as reliable markers of angio-

N
v

3 & b SRR :
Skeletal muscle fibers,
SR

W L IR

N /1‘*— B 2

FIGURE 2. Analysis of samples of muscular tissue from biopsies collected at 6 months
post intra-arterial and intramuscular SC injection. A — Muscular tissue before SC injection
(thin arrow); B — Muscular biopsy post stem cell therapy — immunohistochemical analysis
showing the presence of CD34 cells in the capillary endothelium of the newly formed
vessels (large arrows); C and D — presence of the FLT1 — Vascular Endothelial Growth Factor
Receptor-1 — indicator of angiogenesis (circle).
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FIGURE 3. Peripheral angiography in a patient presenting with severe ischemia of the
right inferior limb; A — before injection of SCs; B — 6 months after intra-arterial and
intra-muscular injection of SCs, demonstrating a significant increase in collateral channels
following SC injection (arrows).

genesis in the muscular tissue where SCs have been in-
jected (Figure 2). Also, peripheral angiography, performed
at 6 months post injection, demonstrated the presence of
newly developed collateral channels distal to the intra-
arterial injection (Figure 3). All these preliminary results
demonstrate that in CLI, SC therapy can induce angiogen-
esis and development of new collaterals, playing a definite
role in limb salvage.

CLINICAL TRIALS FOR SC THERAPY IN CLI

TACT was the first published trial demonstrating the po-
tential role of BM-MNCs in the treatment of CLIL In this
trial, SC administration using the intramuscular route was
associated with a 60% amputation-free rate at 3 years, a
significant improvement in the leg pain scale, a significant
reduction in ulcer size, and a significant increase in pain-
free walking distance.%¢

PROVASA was a clinical trial assessing the role of intra-
arterial injection of SCs for the treatment of CL1%7 The
study enrolled 40 patients randomized to BM therapy vs.
placebo. There was no significant difference in the event-
free survival rates; however, a non-significant improve-
ment in the ABI was observed at 3 months following the
injection of BM-MNCs, which was maintained during the
follow-up. At the same time, complete ulcer healing was
obtained in almost all the cases in the SC group and in
only a few cases in the placebo group (p = 0.03). However,
17/21 (81%) of wound healing occurred only after repeated
injections of BM-MNCs. Median ABI increased from 0.66
to 0.85 in the SC group, compared with a limited increase
from 0.64 to 0.7 in the placebo group. This study demon-

strated that intra-arterial administration of BM-MNCs is
safe and feasible, and accelerates wound healing.®®

The PROVASA trial attempted also to explore the role
of various factors in generating a different response to
SC therapy. Analysis of the reduction in absolute pain
intensity in this trial showed that patients who received
a repeated injection of BM-MNCs experienced a signifi-
cantly higher reduction in pain scale, as compared with
those who received a single dose of BM-MNCs (p = 0.1 for
single-dose vs. placebo and 0.002 for double-dose vs. pla-
cebo). The same was true for ischemic ulcer area, which
significantly decreased in patients who received a repeat-
ed injection of BM-MNCs.%8

Investigators of the PROVASA trial also analyzed the
dose-related differences in patient subgroups and dem-
onstrated that in patients with complete ulcer healing,
the number of cells injected was significantly higher than
in the non-healing group (p = 0.003). At the same time,
functional capacity of the injected SCs was significantly
higher in the healing group (p = 0.016). Multivariate anal-
ysis showed that the repeated BM-MNCs administration
as well as the number and functionality of administered
cells were the most significant independent predictors
for clinical improvement (HR 1.02, 95% CI 1.00—-1.03, p =
0.003 for cell number, HR 6.17, 95% CI 1.35—28, p = 0.018
for >2 administrations of BM-MNCs, and HR 0.99, 95% CI
0.98-1.0, p = 0.049 for cell function).%®

In a recently published study on 62 patients with
CLI not eligible for revascularization, Madaric et al. also
showed that the absolute number of injected BM-MNCs
significantly correlated with the improvement of inflam-
mation and with clinical outcomes.*
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In a larger study on 143 patients with CLI, severe pain
and non-healing ulcer, out of which 97 of atherosclerotic
etiology and 46 with Buerger disease, who received intra-
muscular injection of BM-MNCs, there were significantly
superior amputation-free survival rates in patients who
received BM-MNCs therapy. Interestingly, the subgroup of
patients with Buerger disease presented a significantly su-
perior limb salvage rate at the 4-year follow-up as com-
pared with patients with atherosclerotic disease (95% vs.
48%). At the same time, there was a superior improvement
in other clinical endpoints such as the ABI, TcPO,, and pain
reduction pain in patients with Buerger disease following
SC therapy. Furthermore, there was a superior cell migra-
tion in response to VEGF in patients with Buerger disease
as compared with atherosclerotic ones (p <0.0001), indi-
cating that patients with Buerger disease might represent
a class of better responders to SC therapy.9°

In RESTORE-CLI, a phase 2, double-blind, placebo-
controlled, randomized trial, the effect of intramuscu-
lar injection of an ixmyelocel-T multicellular solution of
SCs was investigated in a lot of 86 patients who were in-
jected in over 20 locations in a single leg. Ixmyelocel-T
is a patient-specific multicellular solution with advanced
properties of immune modulation and promotion of an-
giogenesis.’ In this trial, survival curves diverged early
in the favor of the SC group, and the difference between
groups was maintained during the 12-month follow-up,
suggesting that ixmyelocel-T could represent a promising
treatment option in patients with CLI and no option for
revascularization.'*?

STEM CELL THERAPY FOR
WOUND HEALING IN CLI

Another promising field for application of SCs in CLI is
represented by the development of bioengineered tissues
for wound care. Tissues impregnated with SCs cultured
onto different scaffolds have been proposed to represent
viable bioengineered skin substitutes for ischemic wounds
unresponsive to conventional therapy.®* However, this
technology requires sophisticated methodology for cell
culture and scaffold impregnation, and still needs to be
validated in future studies.

CONCLUSION

Therapeutic angiogenesis using stem cells is a promising
therapeutic option in patients with severe limb ischemia
who are not candidates for revascularization. The predic-
tors of success for SC therapy are repeated administration
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as well as the number and viability of the administered cells.
Initial clinical experience shows promising results in clini-
cal trials on small sample sizes; however, larger trials are
required in order to validate this therapy as a viable thera-
peutic option for patients with threatened ischemic limbs.
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